A family of novel adenovirus type 5-simian virus 40 (Ad5-SV40) recombinants (Ad5+D1) whose genomes consist of symmetrically inverted structures was isolated. Particles of Ad5+ +D1 could contain one of several recombinant genomes that differed incrementally from one another by a full-length copy of linear SV40 DNA. The members of the Ad5+ Dl family appeared to be in genetic equilibrium with one another. In all probability this equilibrium was maintained by homologous recombination, resulting in the loss or gain of one or two unit length copies of the SV40 genome. The genome of the most abundant recombinant form consisted of a giant inverted repeat which was some 35,000 nucleotide pairs in length. Beginning from one end, the recombinant genome cotsisted of 3,534 nucleotides derived from the left end of the adenovirus type 5 genome; these nucleotides were joined to 2.7 copies of SV40 DNA arranged as head-to-tail tandems. This entire structure was then repeated in the opposite orientation, thereby forming a large inverted repeat whose structure was AdS-SV40-SV40-04VS-04VS-5dA. The population of hybrid genomes was stable and was maintained through serial rounds of infection.
Adenovirus-simian virus 40 (SV40) hybrids were isolated during the 1960s when human adenoviruses were grown in cultures of simian cells now known to have been contaminated with SV40. Human adenoviruses normally do not replicate in simian cells; however, for reasons that are not understood, the 80 amino acids comprising the C-terminal portion of the SV40 large T antigen carry a helper function that renders simian cells fully permissive to human adenoviruses (4) . Although the genomes of these two viruses share no detectable homology, longterm cocultivation of SV40 and adenovirus allows the formation of recombinants whose genomes consist of SV40 sequences covalently attached to adenovirus DNA (1, 9) .
Virtually all of our knowledge of the molecular biology of adenovirus-SV40 hybrids has come from analyses of the various components of a strain of virus called Ad2++, which was derived in 1956 by passing adenovirus type 2 sequentially seven times in rhesus monkey kidney cells. As we now know, Ad2"+ contains wild-type adenovirus type 2, complete SV40 virions, and hybrids of many different sorts (17) .
All adenovirus-SV40 hybrids studied so far have suffered a deletion of adenovirus sequences at the site of SV40 insertion. Depending on the length and genomic location of the deleted sequences, the hybrid may be nondefective and grow unassisted, or it may be defective and dependent on a helper adenovirus for growth.
Those hybrids with the largest deletions of adenovirus often contain SV40 sequences arranged in the form of a tandem repetition (e.g., Ad2++HEY and Ad2++LEY) (10) . Simian cells infected with such hybrids often yield infectious SV40, which originates by excision from the hybrid genome. The mechanism by which excision occurs is unknown, but the simplest hypothesis is that the free SV40 genomes arise by intramolecular, homologous recombination between elements of the SV40 tandem array (10) . However, the existence of the tandem array also allows a different form of recombination to occur, namely, unequal cross-over between hybrid genomes. Such recombinational events yield two new hybrids, which have one less and one more SV40 genome than the parent molecules. Thus, the hybrids with tandem arrays of SV40 DNA exist as populations whose components are in genetic equilibrium with one another (18) .
In different hybrids, the SV40 DNA can be carried in the adenovirus genome in either of the two possible orientations and may be inserted in either the early or late adenoviral genes. A comparison of the structures of different natural hybrid DNAs by restriction endonuclease digestion or heteroduplex analysis has shown that the junctions between SV40 and adenovirus DNA can occur in many different locations in both viral genomes.
In this paper we describe the isolation of a novel adenovirus type 5-SV40 (Ad5-SV40) hy-92 GLUZMAN AND VAN DOREN brid (Ad5++D1), which is different from any adenovirus-SV40 hybrid so far described but is similar in structure to a host-substituted adenovirus type 12 genome (3). The genome of Ad5++D1 consists of a symmetric inverted repeat which is some 35,000 base pairs in length.
MATERIALS AND METHODS
Cells. CV-1 cells, a line of African green monkey kidney cells, and HeLa cells, a line of human carcinoma cells, were cultured in plastic dishes in the Dulbecco modification of Eagle medium as described previously (7) .
Viruses. A population of AdS-SV40 hybrid viruses (seventh passage of adenovirus type 5 in rhesus monkey kidney cells) was a gift from W. P. Rowe. The adenovirus type 5 used as wild type in these experiments was isolated from this stock as described below.
Plaque titrations of adenovirus type S were performed as described by Williams (20) (15) . Filters were hybridized to 32P-labeled DNA probes prepared by nick translation with four a-32P-labeled deoxynucleoside triphosphates as described previously (12) at 68°C for 6 to 24 h. The filters were washed in 2x SSC (1 x SSC is 0.15 M NaCl plus 0.015 sodium citrate) containing 1% sodium dodecyl sulfate at 68°C for 1 to 2 h, and autoradiographs were then made.
Preparation of nitrocellulose filters for rehybridization. 32P-labeled DNA probes were removed from filters which were to be rehybridized by treatment with a solution containing 50% formamide, 50 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH 7.0), 3x SSC, and 100 ,ug of salmon sperm DNA per ml at 68°C for 1 h. The nitrocellulose filters were then washed with 2x SSC and hybridized to the aporopriate 32P-labeled DNA probe. RESULTS
Isolation of Ad5++D1. The scheme used to isolate Ad5++D1 is shown in Fig. 1 However, 1% of the plaques arising after 5 days of incubation on CV-1 cells were adenovirus-like in their morphology and were not inhibited by SV40 antiserum. Individual plaques were picked and used to prepare virus stocks. Cultures of CV-1 cells were infected with these viruses, and after incubation for 35 h viral DNA was extracted by the method of Hirt (8) . Viral DNAs were analyzed by restriction enzyme digestion, gel electrophoresis, and Southern hybridization. Six stocks were examined, and these six stocks yielded identical results. An analysis of two of these stocks is shown in Fig. 2 . There were at Fig. 4 . Note that digestion of the hybrid genome with BamHI (Fig. 4) Ad5+D1 genome. To identify the adenoviral sequences within the hybrid virus genome, Ad5+ +D1 DNA was cleaved with restriction endonucleases, and the resulting fragments were separated by gel electrophoresis, transferred to nitrocellulose filters, and hybridized to 32P-labeled DNA probes. Some filters were hybridized sequentially to different probes as described above.
Cleavage of the recombinant genomes with EcoRI and BamHI yielded three and two bands, respectively, which were not present in digested adenovirus type 5 DNA. In each case, only one of the fragments hybridized both to labeled SV40 DNA and to adenovirus DNA (Fig. 5) ; therefore, this fragment must have contained a junction between the two viral DNAs. The BamHI fragment of the Ad5+D1 genome containing the junction was purified by gel electrophoresis, nick translated by using 32P-labeled deoxynucleoside triphosphates, and hybridized to a nitrocellulose filter containing fragments of adenovirus type 5 DNA generated by digestion with SmaI, HindIII, or XbaI (Fig. 6) . We observed hybridization to all fragments that mapped on the adenovirus type 5 genome to the left of map position 0.11; no hybridization was detected to fragments derived from the remainder of the genome. These data suggest that Ad5++D1 (i) contains only one junction between adenovirus sequences and SV40 sequences and (ii) contains adenovirus sequences that are derived exclusively from the left end of the adenovirus type 5 genome. These sequences must extend through position 0.079 (the junction of HindIII fragments G and E) but can go no further than position 0.11 (the junction of SmaI fragments F and N). Therefore, the junction fragment between adenovirus type 5 and SV40 DNAs contains between 2,765 and 3,885 nucleotides of adenovirus type 5 sequence.
To verify the symmetric structure of the hy- brid genome, Ad5++D1 DNA with formamide and allowed tc snapback structures as describe pies of DNA were then treated w alone, endonuclease TacI alone, followed by TacL. The resultin DNA were separated by gel e transferred to nitrocellulose, an( 32P-labeled SV40 DNA. After a were made (Fig. 7) , the SV40 moved from the nitrocellulose w and the DNA on the filter was the 32P-labeled adenovirus DNA.
scribed below relate to the rr bands in Fig. 7 This structure was confirmed by the data in ,ases BamHI and Fig. 8 . Figure 8A shows (Fig. 8A through C, asterisks) . The fragment that contained the center of symmetry of Ad5++D1 and hybridized to SV40 DNA is also indicated (Fig. 8A, x) . In addition, we detected was denatured a fragment in the KpnI digest corresponding to renature into unit length linear SV40 DNA (not marked). Both :d above. Sam-adenovirus DNA probes hybridized only to frag-'ith Si nuclease ments from the left end of the adenovirus or Si nuclease genome (Fig. 8B and C) , and these fragments g fragments of (fragments H and A) are indicated in Fig. 8A -lectrophoresis, through C and also in the schematic representad hybridized to tion of the restriction map of the leftmost 23.5%
Lutoradiographs of the adenovirus type 5 and Ad5 +D1 genomes probe was re-shown at the bottom of Fig. 8 . These data are 'ith formamide, consistent only with the structure shown in Fig.  - end-labeled with [a-32P]dATP by using the Klenow fragment of Escherichia coli DNA polymerase I. The labeled DNA was then digested with endonuclease EcoRI, and the resulting fragments were separated by gel electrophoresis. The asymmetrically labeled fragment containing the junction was then isolated and sequenced by the method of Maxam and Gilbert (13) (Fig. 9) . The adenovirus type 5 sequences present in Ad5+D1 ended at nucleotide 3,534. SV40 sequences began at nucleotide 1,102 and extended counterclockwise around the genome to about map unit 0.09. Between the adenovirus type 5 and SV40 sequences the dinucleotide AA was found (Fig. 10) . We cannot say which viral genome donated this dinucleotide to the hybrid since both contained this sequence at this position. DISCUSSION We have described the arrangement of the genome of a newly isolated adenovirus type 5-SV40 hybrid. This genome is a symmetric structure in which sequences derived from the left terminus of adenovirus type 5 DNA flank 5.5 copies of the SV40 genome as shown in Fig. 11 . These SV40 DNA sequences are arranged in the form of two head-to-tail tandems, approximately 2.7 genomes in length, which point from different directions toward an axis of symmetry at the center of the genome. Therefore, the entire DNA molecule is arranged in the form of a giant inverted repeat which is some 35,000 nucleotides in length. Deuring et al. (3) have described a similar structure that consists of repetitive sequences of human DNA flanked by some 700 to 1,100 nucleotides derived from the left end of the adenovirus type 12 genome. By contrast, Ad5++D1 contains 3,534 base pairs of adenovirus type 5 DNA at each end of its genome. This region of the adenovirus type 5 chromosome contains the sequences necessary for transformation of cells (early region la and part of early region lb), an origin of DNA replication (21) , and packaging signals (5, 6) . Early region la is also an important control region and specifies products that are necessary for the expression of A2d5 qc3 2k
T,T the remainder of the viral genome. It is conceivable that by carrying two copies of this region of the adenovirus type 5 genome Ad5+D1 gained some selective advantage over other AdS-SV40 hybrids that might have been present in the original monkey-adapted population, either at the level of DNA replication, in control of expression of the genome, or in packaging of the viral genome into particles.
Throughout our experiments, DNA was prepared and examined on many separate occasions. Each preparation yielded the same pattern of bands, indicating that the Ad5++D1 population is stable with respect to deletions and rearrangements of the genome. When intracellular DNA prepared by the Hirt method was compared with DNA prepared from virions, we found slight differences in the proportions with which the various members of the Ad5++D1 family were represented. DNA prepared from virions showed a predominance of the species that had 5.5 copies of SV40 DNA in the inser- When we looked further at the forms of hybrid DNA present in virions, we found that the hybrid DNAs containing an odd number of SV40 genomes (i.e., 5.5, 3.5, or 1.5 copies) were represented more frequently than the hybrid DNAs that contained an even number of SV40 genomes (4.5 or 2.5 copies). This result suggests that there is some preference in packaging for hybrid DNA which is of a certain size or is entirely symmetric in structure. At present we do not understand the factors that are involved in this phenomenon.
The adenovirus type 5 and SV40 DNA sequences around the junction sites in the hybrid genome were examined for any sequence homology which might exist. Five of six nucleotides at the junction were identical in the two viral genomes (Fig. 10) . Although this amount of homology is small, its proximity to the junction is striking. A similar degree of homology has been observed between SV40 DNA and an unoccupied site of integration in the rat genome (16) shown in Fig. 12 . The parental adenovirus-SV40 hybrid molecule would initiate replication from the origin at the conventional left end of the adenovirus genome (Fig. 12C ). Replication would continue through the adenoviral sequences and into the SV40 sequences. At some point while the growing replication fork was still within the SV40 DNA, we propose that the polymerase switched strands and began to replicate the complementary strand of DNA, as indicated in Fig. 12D . A second round of replication could then begin (Fig. 12E) , resulting in the formation of (i) a newly replicated parental molecule ( Fig. 12F ) and (ii) the symmetric product of the template switching event, which would remain paired to one of the original parental DNA strands. Replication of this molecule would yield a double-stranded symmetric molecule (Fig. 12G) 
